Carbon monoxide (CO) is a ubiquitous atmospheric trace gas produced by natural and 20 anthropogenic sources. Some aerobic bacteria can oxidize atmospheric CO and, 21 collectively, they account for the net loss of ~250 teragrams of CO from the 22 atmosphere each year. However, the physiological role, genetic basis, and ecological 23 distribution of this process remain incompletely resolved. In this work, we addressed 24 these knowledge gaps through culture-based and culture-independent work. We 25 confirmed through shotgun proteomic and transcriptional analysis that the genetically 26 tractable aerobic soil actinobacterium Mycobacterium smegmatis upregulates 27 expression of a carbon monoxide dehydrogenase by 50-fold when exhausted for 28 organic carbon substrates. Whole-cell biochemical assays in wild-type and mutant 29 backgrounds confirmed that this organism aerobically respires CO, including at sub-30 atmospheric concentrations, using the enzyme. Contrary to current paradigms on CO 31 oxidation, the enzyme did not support chemolithoautotrophic growth and was 32 dispensable for CO detoxification. However, it significantly enhanced long-term 33 survival, suggesting that atmospheric CO serves a supplemental energy source during 34 organic carbon starvation. Phylogenetic analysis indicated that atmospheric CO 35 oxidation is widespread and an ancestral trait of CO dehydrogenases. Homologous 36 enzymes are encoded by 685 sequenced species of bacteria and archaea, including 37 from seven dominant soil phyla, and we confirmed genes encoding this enzyme are 38 abundant and expressed in terrestrial and marine environments. On this basis, we 39 propose a new survival-centric model for the evolution of CO oxidation and conclude 40 that, like atmospheric H2, atmospheric CO is a major energy source supporting 41 persistence of aerobic heterotrophic bacteria in deprived or changeable environments.
Introduction
Carbon monoxide (CO) is a chemically reactive trace gas that is produced through
Materials and Methods

116
Bacterial strains and growth conditions 117 Table S7 lists the bacterial strains and plasmids used in this study. Mycobacterium for temperature-sensitive vector replication, the transformants were incubated on LBT-133 gentamycin agar at 28°C for five days until colonies were visible. Catechol-reactive 134 colonies were sub-cultured on to LBT-gentamycin agar plates incubated at 40°C for 135 three days to facilitate the first recombination of the coxL flanks into the chromosome. 136 To allow the second recombination and removal of the backbone vector to occur, 137 colonies that were gentamycin-resistant and catechol-reactive were sub-cultured in 138 LBT-sucrose agar and incubated at 40°C for three days. The resultant colonies were 139 screened by PCR to discriminate ΔcoxL mutants from wild-type revertants ( Figure S1) . 140 Whole-genome sequencing (Peter Doherty Institute, University of Melbourne) 141 confirmed coxL was deleted and no other SNPs were present in the ΔcoxL strain.
142 Table S8 lists the cloning and screening primers used in this study.
143
Shotgun proteome analysis 144 For shotgun proteome analysis, 500 mL cultures of M. smegmatis were grown in 145 triplicate in 2.5 L aerated conical flasks. Cells were harvested at mid-exponential 146 phase (OD600 ~ 0.25) and mid-stationary phase (72 hours post ODmax ~0.9) by 147 centrifugation (10,000 × g, 10 min, 4°C). They were subsequently washed in 148 phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 2 149 mM KH2PO4, pH 7.4), recentrifuged, and resuspended in 8 mL lysis buffer (50 mM 150 Tris-HCl, pH 8.0, 1 mM PMSF, 2 mM MgCl2, 5 mg mL −1 lysozyme, 1 mg DNase). The 151 resultant suspension was then lysed by passage through a Constant Systems cell 152 disruptor (40,000 psi, four times), with unbroken cells removed by centrifugation 153 (10,000 × g, 20 min, 4°C). To denature proteins, lysates were supplemented with 20% 154 SDS to a final concentration of 4%, boiled at 95°C for 10 min, and sonicated in a 155 Bioruptor (Diagenode) using 20 cycles of '30 seconds on' followed by '30 seconds off'.
156
The lysates were clarified by centrifugation (14,000 × g, 10 mins 
276
Absorbance was measured at 570 nm using an Epoch 2 microplate reader (BioTek).
277
A standard curve was constructed using four standards of glycerol (0 mM, 0.3 mM, 0.6 278 mM and 1 mM; R 2 > 0.99). Glycerol concentration was interpolated from this curve.
279
Samples were diluted either five-fold or two-fold in UltraPure water such that they fell 280 within the curve. All samples, standards and blanks were run in technical duplicate. (Table S3) 
Results
331
Mycobacterium smegmatis synthesizes carbon monoxide dehydrogenase 332 during a coordinated response to organic carbon starvation 333 We first performed a proteome analysis to gain a system-wide context of the levels of ~0.9; no glycerol detectable in medium) (Fig. 1a ). There was a major change in the 339 proteome profile, with 270 proteins more abundant and 357 proteins less abundant by 340 at least four-fold (p < 0.05) in the carbon-limited condition (Fig. 1b; Table S2 ).
341
The top 50 proteins with increased abundance included those involved in trace gas Fig. 1b) . The 356 proteome also suggests that various energetically-expensive processes, such as cell 357 wall, ribosome, and DNA synthesis, were downregulated (Table S2) . Overall, these 358 results suggest that M. smegmatis reduces its energy expenditure and expands its 359 metabolic repertoire, including by oxidizing CO, to stay energized during starvation. (~269 kDa). However, no activity was observed in the ΔcoxL background ( Fig. 2a) . 371 Gas chromatography measurements confirmed that M. smegmatis oxidized carbon 372 monoxide at atmospheric concentrations. Stationary-phase cultures oxidized the CO 373 supplemented in the headspace (~200 ppmv) to sub-atmospheric concentrations (46 374 ± 5 ppbv) within 100 hours (Fig. 2b) . The apparent kinetic parameters of this activity 375 (Vmax app = 3.13 nmol gdw -1 min -1 ; Km app = 350 nM; threshold app = 43 pM) are consistent 376 with a moderate-affinity, slow-acting enzyme (Fig. 2c ; Table S4 ). The rates are similar 377 to those previously measured for hydrogenase-2 [63] . No change in CO mixing ratios 378 was observed for the ΔcoxL strain (Fig. 2b) (Fig. 2d & 2e) . Thus, while this enzyme is predominantly localized in the cytosol ( Fig. 3a) . These profiles suggest that M. smegmatis expresses CO dehydrogenase primarily to enhance survival by scavenging atmospheric CO, rather 401 than to support growth on elevated levels of CO.
402
These inferences were confirmed by monitoring the growth of the wild-type and ΔcoxL 403 strains under different conditions. The strains grew identically on glycerol-404 supplemented minimal medium. Addition of 20% CO caused a slight increase in 405 doubling time for both strains and did not affect growth yield (Fig. 3b) . This suggests 406 that M. smegmatis is highly tolerant of CO but does not require CO dehydrogenase to 407 detoxify it. M. smegmatis did not grow chemolithoautotrophically on a minimal medium 408 with 20% CO as the sole carbon and energy source (Fig. 3b) Finally, we monitored the long-term survival of the two strains after they reached 415 maximum cell counts upon exhausting glycerol supplies (Fig. 1a) . The percentage 416 survival of the ΔcoxL strain was lower than the wild-type at all timepoints, including by 417 45% after four weeks and 50% after five weeks of persistence. These findings were 418 reproducible across two independent experiments and were significant at the 98% 419 confidence level (Fig. 3c) Fig. 4a & 4b) . The retrieved sequences encompassed all sequenced species, across seven phyla (Figure 4b ) that have 433 previously been shown to mediate aerobic CO oxidation (Table S1 ). We also detected 434 coxL genes in nine other phyla where aerobic CO oxidation has yet to be 435 experimentally demonstrated (Fig. 4b) Gemmatimonadota, and Bacteroidota (Fig. 4b) . 441 We constructed phylogenetic trees to visualize the evolutionary relationships of CoxL 442 protein sequences (Fig. 4a; Fig. S2 ). The trees contained five monophyletic clades 443 that differed in phylum-level composition, namely actinobacterial, proteobacterial, and 444 halobacterial clades, as well as mid-branching major (mixed 1) and minor (mixed 2) 445 clades of mixed composition containing representatives from seven and three different 446 phyla respectively. Clades were well-supported by bootstrap values, with exception of 447 the mixed 2 clade (Fig. 4a; Fig. S2 ). Trees with equivalent clades were produced 448 when using seven distinct phylogenetic methods, using other CO dehydrogenase 449 subunits (CoxM, CoxS, and CoxLMS concatenations), or varying the outgroup 450 sequences. In all cases, major clades included CoxL proteins of at least one previously 451 characterized carboxydotroph or carboxydovore (Table S1) . Surprisingly, all clades 452 also contained species that have been previously shown to oxidize atmospheric CO 453 (Table S1 ). This suggests that atmospheric CO oxidation is a widespread and 454 ancestral capability among CO dehydrogenases. In contrast, CO dehydrogenases 455 known to support aerobic carboxydotrophic growth were sparsely distributed across 456 the tree (Fig. 4a; Table S1 ).
457
To better understand the ecological significance of aerobic CO oxidation, we surveyed 458 the abundance of coxL sequences across 40 pairs of metagenomes and 459 metatranscriptomes (Table S5 ). Genes and transcripts for coxL were detected across 460 a wide range of biomes. They were particularly abundant in the oxic terrestrial and 461 marine samples surveyed (1 in every 8,000 reads), for example grassland and 462 rainforest soils, coastal and mesopelagic seawater, and salt marshes (Table S6 ). In 463 contrast, they were expressed at very low levels in anaerobic samples (e.g.
464
groundwater, deep subsurface, peatland) ( Figure S3 ). Across all surveyed metatranscriptomes, the majority of the coxL hits were affiliated with the mixed 1 (40%), 466 proteobacterial (25%), and actinobacterial (25%) clades, with minor representation of 467 the mixed 2 (8%) and halobacterial (2%) clades (Table S6 ). The normalized transcript 468 abundance of coxL was higher than the genetic determinants of atmospheric H2 469 oxidation (hhyL; high-affinity hydrogenase) in most samples (18-fold in aquatic 470 samples, 1.2-fold in terrestrial samples) (Fig. 4c) . Together, this suggests that CO 471 oxidation is of major importance in aerated environments and is mediated by a wide 472 range of bacteria and archaea. high-energy, diffusible, and ubiquitous trace gas [28] , and is therefore a dependable 486 source of energy to sustain the maintenance needs of bacteria during persistence.
487
Overall, the proteome results suggest that M. smegmatis activates CO scavenging as 488 a core part of a wider response to enhance its metabolic repertoire; the organism 489 appears to switch from acquiring energy organotrophically during growth to 490 mixotrophically during survival by scavenging a combination of inorganic and organic 491 energy sources.
492
In turn, it is probable that CO supports the persistence of many other bacterial and 
